Results of numerous field and pot experiments indicate that judicious liming of acid soils usually improves the uptake of phosphorus by plants. There Gericke (9) claims that the influence of liming on the mobilization of soil phosphorus is of minor importance, and that the improvement of the general growing conditions, particularly the decrease in acidity, will be the decisive factor. In this connection attention is also due to the hypothesis presented by Russel (19) that the iron and aluminium ions present in the acid soils reduce the ability of the plant roots to translocate phosphorus from the soil to the tops, probably, because part of the phosphate is restrained in roots (8). Bohne (3) supposes that the favourable effect of liming on the root growth of plants accounts for the higher uptake of phosphorus. Äslander (24) attributes the better utilization of soil phosphorus primarily to the promotion of humus decomposition by liming which increases the nitrate production from soil organic nitrogen and the formation of certain humus fractions which are likely to increase the solubility of soil phosphorus.
effect on the relative abundance of the phosphorus bound by aluminium, iron, or calcium in a podzolic silt loam soil, but in an other silt loam soil the lack of crop response to added phosphate was explained, at least partly, on the basis of the release of phosphorus by decrease of aluminium and iron activity through liming. When strongly acidic highly weathered soils underwent an increase in pH by CaC0 3 addition, a slow back-transformation to calcium-bound phosphate occurred but considerable aluminium-bound and iron-bound phosphate persisted (13) . Heinemann (12) could not detect significant differences in the distribution of soil phosphorus between the limed and unlimed plots in three field experiments on sand and loam soils.
Although the favourable effect of liming on the phosphorus availability in acid soils is often to a large extent attributed to the mineralization of organic phosphorus (7, 20, 21, 23 etc.) the evidence is usually inadequate. Damsgaard-Sdrensen (6) found that in old field experiments heavy liming had decreased the amount of phosphorus in organic form, and the writer's results (14) indicate that in field experiments on a couple of fen peat soils the organic phosphorus content tended to be lower in the limed plots than in the unlimed ones. In other experiments studied this was not the case, probably partly because the higher yields of the limed plots take up more phosphorus but also leave in the soil more organic matter than the lower yields of the unlimed plots. In the field experiments studied by Dorph- Petersen (7), an apparently significant decrease in the organic phosphorus content is detectable in one of the soils, but he supposes that the acceleration of the rate of the mineralization of organic phosphorus may be a contributory cause of the increased uptake of phosphorus due to liming, even when the chemical soil analyses are not capable of proving it, owing to the large variability of soil, the sampling errors, and the relatively low accuracy of the methods.
Also in incubation experiments under the laboratory conditions, the inaccuracy of the determination of soil organic phosphorus hampers the demonstration of the changes in this fraction, since differences in the organic P less than about 20 ppm are seldom significant (16) . The decline in the organic phosphorus content due to liming, often does not exceed this limit. Recently Halstead et al. (11) reported that in their laboratory experiment, liming resulted in an average decrease of 8 ppm or 3.6 per cent of the total content of organic phosphorus in acid surface soils incubated for 9 months. The writer (14) incubated various kinds of acid soil samples for 6 months at room temperature, and found that the organic phosphorus content of the samples incubated with 2 per cent CaC0 3 was from 0 to 50 ppm or from 0 to 3.5 per cent lower than that in the corresponding soils incubated without lime. Only in an acid muddy clay soil the decline due to liming was as high as 100 ppm or 12 per cent of the organic phosphorus content in the unlimed sample.
In a previous paper (15) results were reported on the effect of liming on the phosphorus fractions of a loam soil and a silt soil during incubation for 7 months. An addition of 1 per cent CaC0 3 did not increase the mineralization of organic phosphorus. Its effect was detectable in the distribution of inorganic phosphorus, as a decrease in the alkali-soluble fraction and an increase in the NH 4 CI-soluble form and in the acid-soluble or NH 4 F-soluble fractions. These soils were not particularly acid, and since it is likely that the effect of lime would be more pronounced on more acid samples, the studies were continued on a larger material containing also this kind of soils. The main purpose of the present work is to find out whether the possible mobilization of soil organic phosphorus by liming is mainly due to the mineralization of organic phosphorus, or to the changes in the fractions of the inorganic forms.
Material and methods
The material of the present study consists of 22 samples from the surface layer of cropped soils and of 7 samples from the surface layer of virgin lands. In addition, 5 Two incubation experiments were carried out. In the first one 100 g of airdry and ground soil was weighed into a glass jar. moistened with distilled water to the field capacity, and incubated at about 20°C for 6 months. Before the moistening, 1 g of CaC0 3 was added to a second set of samples and thoroughly mixed. At the end of the incubation period the samples were air-dried and ground. The second incubation experiment was performed in a similar way, only lime was applied at the rates of 0,5, 10, or 20 g per kilogram of soil.
Results
The results of the first incubation experiment are recorded in Table 2 as the differences in the phosphorus content of the various fractions between the samples incubated with or without lime and the original samples. The pH-values were determined at the end of the incubation period, and they show in most of the samples the typical increase in the acidity due to the incubation without an application of lime and on the other hand, they prove that the application of 1 per cent CaCOa has kept most samples almost neutral even at the end of the incubation period. pH-values determined after three weeks' incubation were in the unlimed samples usually somewhat higher than those measured at the end of the six months' period, but no significant differenceexists between the respective pH-values of the limed samples.
The changes brought about by incubation or by incubation and liming in the small amount of easily soluble inorganic phosphorus in these samples are in most 248 cases insignificant, and it is of interest to note that even in the limed samples a decrease in this fraction may be found.
In most soils NH"F-soluble phosphorus has accumulated, particularly in the limed samples. The alkali-soluble fraction, on the other hand, is often increased in the unlimed samples, but decreased in several of the limed samples. In the virgin soils, this fraction has grown also in the limed samples although less than in the unlimed ones, probably, since in these samples the pH-values are relatively low.
Incubation without lime has not caused any significant changes in the acidsoluble phosphorus. When the difference in the acid-soluble fraction is significant between the samples incubated with lime and the original samples, it is always positive. This is the case in almost one half of the samples. It appears that the final pH-value measured in 0.01 M CaCl 2 is at least 6.4 in these samples. On the other hand, there are samples the pH of which has been kept higher than 7 without any detectable increase in the acid-soluble phosphorus.
The last column contains the differences in the organic phosphorus content of the incubated and original samples. In almost all soils a decrease in this fraction is found, but owing to the inaccuracy of the methods this decrease is significant only in less than one half of the cases. Particularly in the virgin soils the decrease in the organic phosphorus is marked: without liming the incubation has decreased it 24 to 48 ppm or, on the average, about 11 per cent, and the incubation with lime has caused a decrease of 28 to 68 ppm, corresponding averagely to 15 per cent of the organic phosphorus in the original sample. In the samples from the plough layer, the effect has been markedly lower: 23 to 36 ppm or about 7 per cent in the unlimed samples, and 20 to 39 ppm corresponding to an average of somewhat more than 7 per cent in the samples incubated with lime.
In samples where the incubation has brought about a decline in the organic phosphorus content, an increase in the total inorganic phosphorus extracted by the fractionation procedure may be usually found, but these changes are not in all cases equal. This is likely to be due more to the inaccuracy of the determinations than to changes in the inorganic phosphorus involving the occluded forms.
On the basis of these results it seems that the presence of lime in the samples incubated has intensified the accumulation of NH 4 F-soluble phosphorus and probably also the mineralization of organic phosphorus. Apparently it has tended to increase the acid-soluble fraction, but prevented any accumulation of alkali-soluble phosphorus. The data reported in Table 3 offer a more detailed view of the effect of liming in this experiment. They represent the differences between the respective phosphorus fractions in the samples incubated with or without lime.
It appears that only in four samples liming has intensified the mineralization of organic phosphorus to such a degree that the difference is statistically significant. These samples were not more acid than the other ones. The decrease in the alkalisoluble fraction is usually quite marked, and the same is true with the increase in the acid-soluble fraction in the samples of the cultivated soils.
To sum up these results the average increases or decreases in the phosphorus fractions in this experiment were calculated and the following data expressed as P ppm were found: There seems to be significant differences in the behaviour of the surface soils and the subsoils in the present experiment. The most striking feature in the latter samples is the marked decrease in the alkali-soluble fraction even in the distinctly acid samples incubated without lime. This decrease is not compensated by equal increases in the other fractions, and thus, there is considerable decline in the total amount of the extracted inorganic phosphorus. It is not likely in these cases that the results may be explained by the inaccuracy in the determinations.
In the surface samples the effect of liming seems to be similar to that found in the first experiment; only these samples are so acid that first the highest application of lime has increased the pH-values to the same level as one half of it did in most of the soils of the former experiment. The lowest application has not prevented an accumulation of alkali-soluble phosphorus, and it has caused a low increase in the NH 4 F-soluble fractions.
As could he expected, no mineralization of organic phosphorus did occur in the subsoil samples. Incubation of the surface samples without lime or with the lowest application of lime was also without effect in this respect, but the highest level of liming has caused a significant decrease in the organic phosphorus content; in the sample Vi 4a, also the application of 10 g CaC0 3 /kg has been effective. Particularly in the sample Vi 6 a, the increases in the total inorganic phosphorus extracted are markedly higher than the corresponding decreases in the organic phosphorus content. Further studies are needed to show whether this disagreement is due to the fairly high contents of active iron and aluminium in the soil which may disturb the determination of the variously bound phosphorus, or whether changes in the solubility of the occluded forms are involved.
Discussion
In the first incubation experiment examined in this paper, the relatively heavy liming of the more or less acid samples, corresponding to at least 20 000 kg CaC0 3 /ha, tended to intensify the mineralization of organic phosphorus during the incubation, but only in a few cases this effect could be considered statistically significant. The influence of liming appeared to be most marked on the alkali-soluble inorganic fraction supposed to be phosphorus bound by iron and its compounds. The decrease in this fraction and the possible decrease in the organic phosphorus were usually compensated by corresponding increases in the acid-soluble and in the NH 4 F-soluble phosphorus. The former fraction is assumed to represent calciumbound phosphorus, mainly apatite like, and the latter one is taken to be phosphorus bound by aluminium and its oxides and hydroxides, although there is some evidence that in the procedure used dicalciumphosphate and perhaps also some other more easily soluble calcium phosphates than apatite may get into this fraction (17 etc.) In some samples liming caused increase in the easily soluble fraction, but also some contrary cases existed.
In the second experiment in which very acid samples known to be rich in active iron and aluminium were incubated, the conditions appeared to be more complicated and there is reason to suppose that the analytical procedures failed to some extent to indicate the real distribution of the phosphorus in these samples. Particularly, the behaviour of the subsoil samples needs further studies in this respect. In general, the increases in the acid-soluble and NH 4 F-soluble fractions, and, in the surface samples, the decreases in the alkali-soluble and organic forms tended to be the higher the heavier the application of lime had been. 
Summary
The effect of liming on the soil phosphorus fractions was studied under the laboratory conditions. 28 samples of mineral soils (pH in 0.01 M CaCl 2 suspension 4.0 to 6.0) were incubated with 1 per cent CaC0 3 or without lime for six months at about 18-20°C . In an other experiment, six samples (pH from 3.3 to 4.3) were incubated with 0, 0.5, 1, or 2 per cent CaCO s also for six months. At the end of the incubation period the soil pH in the limed samples of the first experiment ranged from pH 5.9 to pH 7.5, in the second experiment the highest application kept the soil pH at 6.5 to 7.0.
In the air-dried samples the content of organic phosphorus and the fractions of inorganic phosphorus were determined, and the increases or decreases due to the incubation and liming were calculated.
Incubation without lime brought about decrease in the organic phosphorus content of several samples, and the presence of lime tended to intensify this effect, although only in a few cases the decrease due to liming was statistically significant. Liming also tended to increase the accumulation of NH 4 F-soluble inorganic phosphorus. The acid-soluble fraction was often increased in the limed samples but not in the unlimed ones. The alkali-soluble fraction was decreased in most soils in the limed samples, while it increased in some of the unlimed ones. In the second experiment the incubation caused marked decrease in the alkali-soluble phosphorus without a corresponding increase in the other phosphorus fractions determined in the subsoil samples.
It was concluded that in these experiments the relatively heavy liming in the first place affected the distribution of inorganic phosphorus increasing the NH4F-soluble and acid-soluble forms at the expense of the alkali-soluble fraction. The effect on the mineralization of organic phosphorus seemed to be in most soils of minor importance.
